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This theoretical study has been undertaken in order to provide 
insights into the steady two-dimensional laminar film condensation 
heat transfer on an isothermal vertical flat wall and a cylindrical 
surface. Condensation is given to both the pure water vapor and wa-
ter vapor-air mixture. Only the saturated state of the bulk vapor 
is considered. 
The effects of liquid-vapor resistance, gas-solubility in the 
condensate, thermal diffusion and diffusion thermo are neglected. 
The presence of air as non-condensing gas has been fully accounted 
for in this study. The physical properties of the condensate liquid 
are taken to be those of saturated water at the appropriate temper-
ature. The properties of the vapor region are considered to be con-
stant except for the density of the mixture. 
The method of solution is based on the numerical techniques of 
laminar boundary layer theory. By using liquid-vapor interface 
matching, an approximate integral solution is obtained. 
In this study, it was found that the presence of a small amount 
of air as a non-condensing gas in the water vapor-air mixture plays 
a decisive role in decreasing the condensation heat transfer. The 
decrease is more pronounced at lower bulk temperature, T , and high-v 
er values of (T -T ). 
v w 
As the mass fraction of air in the bulk, W , 
00 
increases, the heat transfer decreases monotonically. 
ACKNOWLEDGEMENTS 
Mr. Ng is gratefully indebted to Dr. P.J. Bishop for suggesting 
this thesis problem and for guiding it to its completion. As facul-
ty adviser, she encouraged individual expression by granting complete 
freedom in developing this analysis, yet was always available for 
judicial advice. 
The author also wants to acknowledge the help of Dr. P.J. Bishop, 
Mr. A. Minardi and Dr. E.R. Hosler who served on his committee. 
The author is also indebted to Mrs. Sharon Darling for her per-
fect typing job. 
iii 
TABLE OF CONTENTS 
LIST OF SYMBOLS. 
LIST OF TABLES . 
LIST OF FIGURES .. 
Chapter 
I. INTRODUCTION 
Preliminary Consideration .. 
The Improvement in Nusselt's Film-Condensation 
Theory . . . . . . • . . . . · · · · · · · · 
The Problem of Superheated Vapor, Non-Condensing 
Gases and Variable Properties. . . ... 
The Statement of the Problem . . 
Conclusions .... 
II. THEORY AND ANALYSIS .. 
Discussion of the Analytical Model . 
Liquid Film. . . . . . 
Vapor Region . . . . . . . . 
Liquid-Vapor Interface Matching. . 
Interface Mass Flow Rate . . . . . . . . . 
Energy Balance at Interface. . . 
Multicomponent Boundary Layers . 
Solution by Integral Method. . 
The Heat Transfer to the Wall .. 
III. METHOD OF SOLUTIONS .. 
Preliminary Considerations . 
The Mass Fraction of Air . . 
The Heat Transfer Ratio ... 
The Liquid Film Thickness and Vapor Boundary 
Thickness . . • . . . . . . . . . . . . 
Layer 
Temperature Distribution and Mass Fraction of Air. . . 





























TABLE OF CONTENTS (Continued) 
DISCUSSION OF RESULTS .. 
Mass Fraction of Air . . 
Film Thickness . . 
Heat Transfer to a Flat Wall and a Cylindrical 
Surface .... 



































LIST OF SYMBOLS 
Description 
Acceleration of gravity 
Local heat transfer coefficient 
Average heat transfer coefficient 
Latent heat of vaporization 
Unit vector in x-direction 
Unit vector in y-direction 
Mass flux vector 
Energy flux vector 
Thermal conductivity 
Height of the condensing wall 
Condensation rate per unit area 
Condensation rate 
Molecular weight 
Vector normal to liquid-vapor interface 
Pressure 
Local heat flux 
Average heat flux 
Gas constant 
Universal gas constant 
(lb mole-R) 
1545.32 (ft-lbf)/ 
























LIST OF SYMBOLS (Continued) 
Description 
Vector parallel to liquid-vapor interface 
Temperature 
Vector velocity 
Velocity in x-direction 
Velocity in y-direction 
Mass fraction of air 
Coordinate parallel to condensing surface 
Coordinate normal to condensing surface 
Coefficient 
Thermal diffusivity 
Thickness of liquid layer 
Thickness of vapor boundary layer 
Dimensionless space coordinate 





Prandtl number, C µ/k 
p 
Nusselt number 
Dimensionless temperature distribution 
Parameter in equations (64) to (69) 


























At liquid-vapor interface 
At outer edge of vapor boundary layer 
Liquid film (water) 
At bulk conditions 
At saturated condition 
Wall 
At x = L 
Inner 
Outer 
Of the condensate surf ace 
Corresponding to Nusselt's solution 
Cylinder 
Flat plate 
Corresponding to Sleger's integral solution 
Corresponding to the partial pressure of a vapor 





LIST OF TABLES 
1. The Values of S for Different (T - T ). 
00 w 
2. Comparison of Minkowycz's Exact Solution and Sleger's 
Integral Solution at T = 80°F and W = 0.001 ... 
00 00 
3. Total Pressure (Atm.) of the System Corresponding to 
Prescribed Values of T and W . . . . . . . . . . 
00 00 
4. Comparison of Liquid Film Thickness for Nusselt Solu-
tion and Integral Solution at Tv 115°F, (Tv - Tw) 





5. Mass Fraction of Air at the Interface, W0 , at Tv 80°F 
and 115°F. . . . . . . . . . . . . . . . 52 
6. Comparison of (qc/qp) Using References [14] and [15] 57 
7. Temperature Distribution in the Vapor Region at Tv 
80, 115°F, (Tv - Tw) = 20°F and x = 0.5 ft . . . . 61 
8. Nusselt Heat Flux vs. Temperature Difference, (Tv - Tw), 
for x = 0.5 ft . . . . 74 
9. T* vs. fD ( 2 ) . 78 
10. The Quantities A*, B*, and C* for Calculating the 
Transport Properties . . . . . . . . . . . 80 
11. The Quantities n~l,s)* for Calculating the Transport 
Properties . . . . . 82 
12. Results with Saturated Vapor and No Interfacial 
Resistance 84 
ix 
LIST OF FIGURES 
1. Model of film condensation for Nusselt's theory. . 5 
2. Temperature distribution for Nusselt's theory with and 
without interface shear. . . . . . . 8 
3. Analytic model for vapor condensation in the presence of 
non-condensing gas (without interfacial shear) . . . . . . 15 
4. Interface velocity matching .... • • • 2 3 
5. Interface mass flow rate matching. . 24 
6. Energy balance at interface. . . . . . 25 
7. Comparison of Minkowycz's exact solution, Sleger's inte-
gral solution and the solution of equation (74) at 
T = 80°F and W = 0.001 . . . . . . . . . . . . . . 36 
00 00 
8. Comparison of Minkowycz's exact solution, Sleger's inte-
gral solution and the solution of equation (74) at 
T = 115°F and W 0.001, 0.005, and 0.02 . . . . . . . 37 
00 00 
9. Area of cross-section 
surface ....•.. 
to flat plate and a cylindrical 
47 
10. Condensation on a vertical cylindrical surface (external) .. 48 
11. Mass fraction of air at liquid-vapor interface at T v 
115°F and W = 0.001, 0.005 and 0.02 .....•..... 50 
00 
12. Mass fraction of air at liquid-vapor interface at W
00 
= 
0.001 and T 80°F, 115°F . . . . . .. 51 
v 
13. Liquid film thickness at T = 115°F, (T v v 




. . . 53 
14. Liquid film thickness at Tv = 80~F, 115°F, Woo = 0.001 
and (Tv - Tw) = 20°F • • ~· • • • . . . . . 54 
15. Liquid film thickness at Tv = 115°F, W
00 
= 0.02 and 
(T - T ) = 5, 10, 20, 30 and 40°F . . . . • . .. · 55 
v w 
x 
LIST OF FIGURES (Continued) 
16. Comparison of (qc/qp) for condensation inside and 
outside a cylindrical surface. . . 58 
17. Comparison of (qc/qp) for Ref. [14] and Ref. [15] 59 
18. (q /q ) at T = 115°F, w = 0.02 and (T - T ) = 5 
£ndp40°F v 00 v w . . . . . . . . . . . . . . . 60 
19. Temperature distribution for T = 115°F, (T T ) 10°F, 
w 0. 02, 0.5 ft v v w . 62 = x = . . . . . . . . . . . 
00 
20. Temperature distribution for T = 115°F, (T - T ) 20°F, 
w 0. 02, 0.5 ft v v w . 63 = x = . . . . . . . . . 
00 
21. Temperature distribution for T = 115°F, (T T ) 30°F, 
w 0. 02, 0.5 ft v v w . 64 = x = . . . . . . . . . . 
00 
22. Temperature distribution for T = 115°F, (T T ) 40°F, 
w 0. 02, 0.5 ft v v w . 65 = x = . . . . . . . . . 
00 
23. Temperature distribution for T = 115°F, (T T ) 20°F, 
w 0.005, 0.5 ft v v w . 66 = x = . . . . . 
00 
24. Temperature distribution for T = 115°F, (T T ) 20°F, 
0.001, 0.5 ft 
v v w . 6 7 w = x = . . . . . . . . . . . 
00 
25. Temperature distribution for T = 80°F, (T - T ) = 20°F, 






Condensation can occur whenever a saturated or superheated vapor 
is brought in contact with a surface which is at a temperature lower 
than the saturation temperature of the vapor. In the process, the 
latent heat of the vapor liberated represents the major portion of 
the heat transferred, and the amount of condensate formed represents 
the transfer of mass from a gas to a liquid. 
Physically, two different ideal modes are distinguished in sur-
face condensation. Depending on the wetting properties of the cooled 
surface, the condensate will either form small liquid droplets of 
various sizes, or spread out to form a continuous film covering the 
entire surface. In the former case, we speak of dropwise condensa-
tion, and in the latter case we speak of filmwise condensation. The 
heat transfer coefficient of dropwise type is five to ten times that 
of filmwise type [15], although the latter is regarded as the termi-
nal mode for all liquids. For these reasons, the filmwise condensa-
tion is considered more important. 
The problem considered here is one where the forced convection 
is neglected; the condensate liquid on the vertical surf ace runs 
downward under gravity force in a filmwise manner. The pioneering 
2 
work for Laminar film-condensation on a vertical surface (flat 
plate) was due to Nusselt in 1916. In this work, Nusselt made many 
restrictive assumptions such as the following: 
1. The condensing vapor is at the saturation temperCl.ture 
corresponding to the pressure in the vapor region. 
2. The temperature distribution in the liquid film is 
considered to be linear. 
3. The interface temperature (T0) is equal to the bulk 
temperature (Too), and the wall temperature (T) is 
w 
uniform. 
4. Acceleration effects were neglected in the liquid 
film (too small when compared to gravity and viscus 
forces). 
5. Shear forces were neglected at the liquid-vapor interface. 
6. The surface of the film is considered as a free sur-
f ace (P0 = constant). 
7. The condensing vapor is considered as pure vapor. 
8. All transport and thermodynamic properties are con-
stant. 
9. The sole resistance to heat transfer is located at 
the liquid layer. 
Then, the momentum and energy equations for Nusselt's model have 
the following form: 










The boundary conditions applied to this problem are: 




0, ~ v= ~ at y at I I I I I 
T = 0 I T T cS = T ) v 
The local heat flux is obtained by: 
q(x) 
g( p1- p ) k 
3 h (T -T ) 3 




The average heat flux is: 
1 
g ( ) k 
3 
h (T -T ) 3 4 
[ 
P1 - p 1 f g v w 





q = q(x) dx 
The liquid film thickness is: 
cS (x) 










The heat transfer coefficient is: 
h(x) 
q(x) 
T -T v w 
4 
The Improvement in Nusselt's Film-Condensation Theory 
The first improvement was made by Bromley. He performed an 
(8) 
analysis allowing for a non-linear temperature distribution in the 
film, but neglected the effect of cross flow within the liquid 
film. Rohsenow [l] further corrected for energy convection in the 
liquid film, but continued to neglect the acceleration effects. 
Rohsenows [l] theoretical result was in good agreement with Bromley. 
Heat transfer correlations predicted by both are: 
By Bromley: 
By Rohsenow: 
k 3p( p-p ) h (l+0.68 C~T) l 
h = [ v g f g hfg ] 4 0.943 Lµ6T 
1 
4 
Both Bromley and Rohsenow considered a non-linear temperature dis-
tribution. 
Sparrow and Gregg [2] were the first to attack the problem by 
using the mathematical techniques of botmdary-layer theory. The 
liquid acceleration terms and energy convection term were accounted 






Condensate film Vapor region 
Fig. 1. Model of film condensation for Nusselt's Theory. 
6 
0.003 and 100, and the Jakob number (C 6T/hf ) between 0 and 2. 
p g 
They found that the Prandtl number effect, which is created by 
the acceleration terms is very small for Pr > 1.0. At Jakob num-
bers (C 6T /hf ) between 0 to 2. 0, and for a Pr = 100, the heat trans-
p g 
fer results were seen to coincide with those when no acceleration 
terms were included. For Pr = 10 and Pr = 1, and for a J akob num-
Cp6T 
ber h ~ 0.2, the results coincided with those where no accelera-
fg 
tion terms were included. The largest deviation between this theory 
and those analyses with no acceleration terms is about 5% for Pr > 1 
at a Jakob number of Cp~T = 2.0. For Pr = 10.0, the deviation 
hfg 
drops to less than 1%. But for small Prandtl numbers (0.003 to 
0.03), the acceleration effect plays an important role in the heat 
transfer results. 
A further extension has been made by Koh, Sparrow and Hart-
nett [3]. The shear forces at the liquid-vapor interface, hereto-
fore neglected, have been fully taken into account. The problem 
required simultaneous solution for a boundary layer in the liquid 
film and one in the vapor region. From the numerical solutions, it 
is found that the effect of interfacial shear reduced the heat trans-
fer. For Pr = 1, the effect on heat transfer is very small, for 
CE~T 8~% example: for fg = 0.75, the heat transfer is reduced by about 
when the interfacial shear is taken into account. And the effect 
decreases as the Prandtl number increases. When Pr > 10, the effect 
of interfacial shear becomes negligible. 
7 
When interface shear is taken into account, the temperature of 
the liquid-vapor interface, T , is slightly below the bulk temper-s 
ature, T., for a pure saturated vapor. Figure 2 shows the model. 
l 
The mass flow rate at the liquid-vapor interface is: 
m 
.8Q .t'2 do 
u (with interf acial shear) v dx 
The mass flow rate by Nusselt's prediction is: 
~u 
The heat transfer to the wall is defined as: 
q = mhfg 
_gQ_ 0 2 do h v dx f g 




o2 ~ h 
Nu dx fg,Nu 
Then, the average heat transfer rate becomes: 
4 . 







The ratio of heat flux for with interfacial shear to without inter-
facial shear is defined as: 
v .t'2 d.t' h 
= (-p-) ( Nu) ( u u ) ( f g ) 








I • I--- qNu 
l _ --q 







T = T. = T 
oo i sat 




Fig. 2. Temperature distribution for Nusselt's Theory with 
and without interface shear. 
9 
Integrating equation (15) from y = 0 to y o, yields: 
(16) 
Minkowycz [12] obtained the same form by applying the local simi-
larity concept. 
The Problem of Superheated Vapor and 
Non-Condensing Gases and Variable Properties 
In 1961, Sparrow and Eckert [4] studied the effects of super-
heated vapor and non-condensing gases. By making use of boundary 
layer theory, they found that the presence of a few percent of non-
condensing gas in the bulk of the vapor causes a great reduction 
in the surface heat transfer. The free convection effect in vapor 
reduced the heat transfer. So they concluded the effects of free 
convection in the bulk of vapor must be included in the analysis in 
order to achieve a more accurate prediction when the non-condensing 
gas is present. In 1965, Minkowycz [12] included the effects of 
thermal diffusion, diffusion thermo, and interface shear into his 
analysis. He concluded that the interfacial shear has an essen-
tially negligible effect on the condensation heat transfer involving 
a mixture in a saturated or superheated state. And he found that 
the most suitable reference temperature was: 
T* T + 0.31 (T - T ) w v w 
10 
From the results, he also found that neither thermal diffusion nor 
diffusion-thermo played any significant role in altering the heat 
transfer for a mixture of steam and air. 
Minkowycz and Sparrow [9] also included the effect of the vari-
able properties in the liquid layer, but found that it was negligi-
ble. Poots and Miles [6] indicated the wall heat transfer coeffi-
cient obtained using Nusselt's constant fluid property model with 
Drew reference temperature, TR= Tw + 0.31 (Tv - Tw), was in error 
by at most -5.8%. They concluded that this discrepancy is due to 
the neglect of non-linear effects of vapor drag. They suggested 
the following reference temperatures. 
where: 
T ( °C) 
(OF) 
B 
T* = T + B.6T 
w 
!J.T T - T 
s w 
TABLE 1 
THE VALUES OF B FOR DIFFERENT /J.T 
100 70 40 30 
180 126 72 54 




Both Rose [7] and Slegers [13] carried out a solution using 
a time economic integral method which considered constant properties. 
11 
Both Rose and Sleger's time economic integral method solution is 
not in good agreement with Minkowycz's [12] exact solution. But 
as the non-condensing gas concentration increases, the solution 
tends to agree with Minkowycz's [12] solution. Slegers and Seban 
[8] obtained a number of experimental results which tend to be on 
the average 20% above Minkowycz's prediction. They concluded the 
causes of the discrepancy in data were: 
1. Forced flow in the vapor 
2. Non-uniform air concentration in the bell-jar 
In late 1972, Felicione and Seban [10] considered the solubility of 
non-condensing gas. An integral method was used to solve for the 
effect of a soluble non-condensing gas on condensation of stagnant 
vapor on a vertical surface. By approximations of the results, a 
compact definition was given for a saturated steam-air mixture. The 
results showed that the effect of gas-solubility in the condensate 
is fully negligible for a steam-air mixture. 
The Statement of the Problem 
A theoretical study is made for laminar film condensation of 
water vapor in the presence of superheating and non-condensing gas 
(air) on an isothermal vertical wall. The major attention of the 
work is on the heat transfer results. The physical properties of 
the liquid film are taken to be constant at an appropriate tempera-
ture, TR= Tw + 0.31 6T. Interfacial shear will be neglected because 
the effects on heat transfer are extremely small for a water film. 
12 
The acceleration term will not be accounted for here, because the 
Prandtl number is considered to be greater than 1. The wall temper-
atures will be maintained uniform. The values of (T - T ) are taken 
00 w 
to be 5 °F, 10°F, 20°F, 30°F and 40°F, d th d . . an e non-con ensing gas-air 
mass fraction is taken as W
00 
= 0.001, 0.005, 0.020. The bulk tern-
perature is taken to be 80°F and ll5°F. In order to compare the con-
densation heat transfer, results from this thesis with the corre-
sponding predictions from Nusselt's solution, a ratio q/qNu' is pre-
sented. And the results for a flat surface will be compared to a 
cylindrical surface with the ratio q /q presented. Also, tempera-
c p 
ture distribution and air mass fraction will be obtained. The ef-
feet of gas solubility for air in a water film will be considered 
negligible in this thesis. 
Conclusions 
The previous brief review of the surface condensation problems 
indicated that effects such as condensate sub-cooling, inertia ef-
fects and liquid-vapor interface shear stress are unimportant in 
condensation of steam. Also, the effect of variable properties of 
the liquid layer is negligible. Heat transfer rates for condensa-
tion of superheated vapor are higher than for a saturated vapor. 
The presence of non-condensing gases strongly retards the heat trans-
fer rate during condensation. The presence of a few percent of 
non-condensing gas in the bulk of the vapor causes a great reduction 
in the surface heat transfer. Also, from Sleger's integral method, 
13 
yields results that are 9% at most below Minkowycz's sqlution. So, the 
effect of non-condensing gases in the vapor must be included and a 
correction to Sleger's integral method will be made to achieve a 
more accurate prediction. 
CHAPTER II 
THEORY AND ANALYSIS 
Discussion of the Analytical Model 
The analytical model with pertinent parameters is shown in 
Figure 3. A vertical surf ace (plate or cylinder) at a uniform 
temperature (~) is immersed in a large body of water vapor contain-
ing air as the non-condensing gas. A flat surface of 0.5 ft (0.1524 
m) in length and a cylindrical surface of 0.5 ft (0.1524 m) in length 
(the diameter of the cylinder, d > 10 mm) are chosen as the test o-
surfaces. In this work, the liquid film runs downward under the 
force of gravity and is retarded by the wall shear stress only. The 
f lowing liquid film is assumed to be laminar and ripple free. Heat 
transfer through the condensate is considered to be by conduction in 
the direction normal to the test surface only. All transport proper-
ties remain constant with temperature across the liquid film. In 
the vapor region, the term k~~ly=O (the conduction in the vapor) is 
neglected. The weight fraction of non-condensing gas in the liquid 
film is assumed to be zero for air as the non-condensing gas [10, 
14]. 
The Liquid Film (O < y <8) 
From the wall to the liquid-vapor interface, 0 < y < 8, the 
Nusselt solution is retained. 
14 
15 
Water vapor - air mixture 
bulk conditions: T 
00 ' 
w ' p tot y, v 00 
............. 


















Fig. 3. Analytic model for vapor condensation in the presence 
of non-condensity gas (without interfacial shear). 
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The conservation of momentum equation in the liquid film is: 
Simplifying yields: 
0 
The conservation of energy equation is: 
The conservation of mass equation is: 
~ + av= 0 
dX dy 
The solution of equation (19) in terms of a stream function, w, 
is: 
u = ~ 
dy ' 






Substituting equation (21) into equations (19) and (18), a pair of 
partial differential equations for W and T as functions of x and y 




Now, we -can reduce the pair of partial differential equations 
to an ordinary differential equation by introducing a new indepen-
dent variable, n, defined by: 
where: 
n - ___g__ 1/4 x 
1 
gC (p-p ) 4 
c - [ P 4v k v ] 
Two new dependent variables, F and 8, are defined as: 





where 8(n) is a dimensionless temperature and F(n) is related to 
the velocities u and v as: 
1 
u = vex 4 [nF'(n)-3F(n)J (26) 
Under the transformation, equations (17) and (18) become a pair of 
ordinary differential equations: 
F'' ' (n) + 1 0 (27) 
8"(n) + 38 '(n)F(n) o (28) 
The boundary conditions 
F 0 




e 1 j 
are: 






The solutions of equations (27) and (28) are: 
F 
e = 1 -
n < 
Substituting equation (30) into (26), yields: 
1 2 
u = oy - 2 y 
Then, the velocity at y 6 is maximum, defined as: 
u6,l u 
= l 62 
max 2 
-E 
6 2 d6 











From equation (31) we found that the results agree with the linear 
temperature distribution which is defined by: 
e (33) 
So, in this work, a linear temperature distribution is assumed. 
The liquid film thickness is a function of the liquid-vapor 
interface temperature. For a vapor-air mixture, the film thickness 
is always smaller than Nusselt's result (oNu). 
The Vapor Region (o < y < oo) 
The following assumptions were made: 
1. Pressure diffusion was neglected 
2. Thermal diffusion and diffusion-thermo were neglected 





at the vapor layer (i.e., Lewis number Le 1) 
S. Interfacial shear was neglected 














T u -+ v 









At the liquid-vapor interface the velocity of the mixture is equal 
to the velocity of liquid film at the interface, and the temperature 
is equal to T
0
. At the bulk of the mixture, velocity is assumed to 
be equal to zero and temperature is equal to T . The following boun-
oo 
dary conditions are defined: 
r 
u = u o 
at y o , 
T -T w-w 
00 00 
(38) '· 8 w-w 0 T -T 0 00 00 
r u = 0 
at y 00 ' i e = 0 
l dU ae 0 (39) = 
ci y 8y 
Then, a solution ·for the vapor region is obtained along with the in-
terface matching. Assume that the values are prescribed as y ap-
proaches infinity at y = ~-
21 
The Liquid-Vapor Interface (y=o ) Matching 
Interface Velocity 
A no-slip condition is assumed at the liquid-vapor interface, 
such that the tangential velocity along the interface must be matched 
in both the liquid and vapor phases: 
where: 
u t 
(iu + jv) . (id~+ jd~) ~ 
(dx + d o ) 2 
(u + v E_Q_) dx 
dx (dx 2 + d o 2)~ 
dx 
(40) 
Th e last expression is within the accuracy of the boundary lay er 
assumption since u is of order 1, 8(1), while v and d o /dx are of 
order o , 8( 0). Since 8 ( 0 ) is smaller than 8(1), then 8 ( o)
2 
is 
much smaller than 8(1). When v(do/dx) is very small compared to 
the term u, then v(d o/dx) is negligible. The liquid-vapor inter-
face velocity of condensate and vapor at the x-direction are equal. 




Interface Mass Flow Rate 
An impermeability condition is assumed at the liquid-vapor 
interface. The mass transfer from the vapor to the interface 
(m
0






) must be equal, so: 
p c5 , 1 (U . n) c5 , 1 p c5 , 1 (U • n) c5 'v 
where: 
U (iu + jv) is the velocity at the interface 
Simplifying yields: 
( pv - pu d o) 
dx o,l 
( pv - pu M) 
dx s u ,v 
The mass flow across the interface is: 
Simplifying yields: 





Energy Balance at Interface 
(42a) 
(42b) 
An energy balance at the interface, accounting for both conduc-






- - - 2 2 2 
n=(jdx-ido)/(dx +do ) 
k 
- - 2 2 2 
~t=(idx+jdO)/(dx +dO ) 
(ut) o, l=(ut) o,v 




Fig. 5. Interface mass flow rate matching. 
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x, u 
(mh) cS, v 




(mh) cS, a 
-(mh) 




Fig. 6. Energy balance at interface. 
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[k ~] + (mh)
0 
+ (mh)
0 ay c5 , v , a (43a ) 
By assuming the impermeability condition and that: 
yields the following equation: 
h + [k aT] 
m f g ay cS (43b) 
Simplify ing y ields: 
(43c) 
Multicomponent Boundary Layers 
For multicomponent boundary layers, the diffusion and convection 
occur simultaneously, so that the mass flow of air across the inter-
face is equal to the sum of the diffusion current of air and the 
convection current of air, so: 
For .the impermeability condition (m~ u,a 
P [v - u do] o, a dx cS, a 
(44a) 
0), equation (44a) becomes: 
(44b) 
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Solution by Integral Method 
Minkowycz's exact solution [12] is a large step forward to ob-
tain a fully iredictive theory. He assumed that both the liquid-
vapor interfacial shear and the convection term in the liquid layer 
are negligible. Air was used as the noncondensing gas in the water 
vapor. The equations expressing conservation of mass, momentum and 
energy are as follows: 







In the vapor region Co< y): 
Continuity: 




8u 8u ( ) + .£.._ ( 8u) 
pu ()x + pv 3Y" = g p-poo ()y µ 8y (49) 
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Energy: 
pC (u ~ T + v 3T) 
p o X dY 
3J 
- ~ yq - (C -C )J ~ 
a p,a p, v m 3y (50) 
Diffusion: 
p (u~~+v ~~) (51) 
In equations (SO) and (51), the energy fluxes and mass fluxes are 
defined as: 
Energy Fluxes - J - -k 3T 3y q 
Mass Fluxes J 
3T 
- - -pD -m dy 
where thermal diffusion and diffusion-thermo effects are neglected. 
When thermal diffusion and diffusion-thermo are considered, the energy 






-k 3T + M
2 
- 3 y aRT ~ Jma 
a v 
_ D[ 3W + aW(l-W) 3T] 
- p 3y T 3y 
where M is the molecular weight of air and M is the molecular weight 
a v 
of water vapor. 
After the transformation, the foregoing equations can be reduced 
to a set of ordinary differential equations. But this set of equa-
tions remain a highly coupled, highly non-linear, seventh-order 
29 
mathematical system [9, 12]. It is necessary to employ numerical 
methods to obtain solutions. Minkowycz and Sparrow [9] indicated 
that the time requirement was measurable in tens of hours by using 
a CDC 1604 computer. 
Sleger [13] developed an integral method which is a time-
saving alternative to the exact solution of Minkowycz [12]. Sleger 
computed the desired ratio: 
(52) 
He assumed that c1 = c2 , and also neglected the conduction term in 
the vapor region (i.e., k ~~l o ). 
While comparing Minkowycz and Sleger's results, we found that 
at a bulk temperature of T = ll5°F (W = 0.001, 0.005 and 0.020) 
00 00 
and T = 80°F (W = 0.001), Sleger's results are below the Minkowycz 
00 00 
results by 9% at most. And from Table 2, Sleger's results showed 
more agreement at higher values of (T - T ) than lower values with 
v w 
Minkowycz exact solution for T = 80°F and W = 0.001. 
00 00 
TABLE 2 
COMPARISON OF MINKOWYCZ'S EXACT SOLUTION 
AND SLEGER'S INTEGRAL SOLUTION AT T =80°F AND W =0.001 
00 00 
(T - T ) 40°F 30°F 20°F v w 
Minkowycz q 0.234 0.244 0.262 
--





The error by Sleger's integral method is derived from neglecting 
the term k aTI 
dy 0 
and assuming c1 = c2 . The analysis here uses an in-
tegral method similar to that of Sleger [13], and a corrected factor 
for Sleger's solution will be presented. The procedure to obt~in T
0 
by the integral method is as follows: 
The integration of equation (30) yields: 
/j,_ dU /j,_ dU 
Jo u ax dy + £ v dY dy 
but 
/j,_ dU 
f -V~ dy 
0 oY 
6. /:). av 






- J u dv dy 
o ay 
By using equation (38), u
0 
= u, equation (34), C3 u/ C3 x 





v ay dy 
6. 
u o (-v o ) + f 
0 
dU 
u - dy 
dX 
The mass flow across the interface is: 
Pv o = P (U·n) 
So, equation (53b) becomes: 
p (iu + j v) • n 
p[-u(do /dx) + v] 
1 
[ 1 + (do I dx) 2 J"L 
:: P (v - u do ) 
dx 
(53a) 






g J dy - v au I 
o ay o 
The integration of equation (36) yields: 
- a 




( Pv - pu d) 0 ' 1 
do 
(pv - pu d) 0 ,v 
( D ()Wa) 







Along with equations (32b) and (32c), equations (42a), (43c) and 
(44b) become: 
do Cv-u -) 





The velocity, temperature and concentration profiles are selected as 











3 + 4 n 













The liquid film thickness, o, and the vapor boundary layer thickness, 





(T + f)x4 
(64) 
(65) 
Then, equations (43c), (44b), (35) and (36) become equations (66), 
(67), (68), and (69): 
Energy Balance at interface: 
(66 ) 
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Conservation of momentum: 




3 2 2 1 P1 3 
EI 
3




f [l - F - AGJ 2 dn 
0 
0.1826 - 0.007275A + 0.000111A 2 
1 
J [l - F]dn 0.30 
0 
1 
J [l - F - AG]fl - F]dn 
0 




There are four unknowns for the four equations: T0 , f, T and A. 
To obtain a solution, it is necessary to assume an interface temper-
ature, T0 , then from the saturation relation and the prescribed sys-
tern pressure, W0 is obtained. 
. 3 
Equation (67) yields the value of T f, 
along with equation (66) to solve for T. Substituting f and T into 
34 
equation (69) yields A· And these values of f, T, A were used to 
test the realization of equation (68). A failure required a new 
guess of T 0, until the correct interface temperature was obtained. 
The Heat Transfer to the Wall 
The heat flux to the wall can be obtained by: 
(70) 




JL q dx 
0 x 
(71) 
This is compared to the heat flux, qNu' specified by the Nusselt solu-
tion from equation (5). The desired ratio, q/qNu' is obtained: 
0.943 
(T o 




cl T -T 4 (72) 
(_g_) 1 (-0 -~) 3 T -T qNu s 
(T -T )4 v w c2 v w 
35 
In [13], Sleger assumed that c1 = c2 . In this work, the ratio 
c 1/c 2 is considered as a function of (T00 - Tw), and is defined by: 
c 1.09480 - 0.00237 (TV - Tw) 
5°F < (T - T ) < 40°F 
v w 
0.001 < w < 0.020 
00 -
Then, equation (72) becomes: 
[1.09480 - 0.00237 (T - T )] ( q ) l 
v w qNu s 
or 
5°F < T - T < 40°F 
v w -





The result is in good agreement with Minkowycz's exact solution. For 
W = 0.001 and T = 80°F, the results by equation (75) coincide with 
00 v 
Minkowycz's exact solutions. The comparison with the exact solution 




Sleger's integral solution 
0.4 X from equation (74) 
0.3 
0.2 
0. 1 J 
0.0 
10 20 30 
(T - T ) °F 
v w 
Fig. 7. Comparison of Minkowycz's exact solution, Sleger's 
integral solution and the solution of equation (74) at T = 80°F 














Minkowycz's exact solution 
Sleger's integral solution 
X from equation (74) 
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Fig. 8. Comparison of Minkowycz's exact solution, Sleger's 




= 0.001, 0.005 and 0.02. 
CHAPTER III 
METHOD OF SOLUTION 
Preliminary Considerations 
The bulk conditions (T , W , P ) are given. The boundary con-
co co tot 
ditions at y = 6 (where 6 is the vapor boundary layer thickness) are 
assumed to be the same as bulk conditions, that is the values are 
prescribed as y approaches co at y = 6 , so that T
6 
The analytic model is shown in Figure 3. 
w 
co 
The total pressure of the system is the sum of the partial pres-
sure, p = p = p + p • tot a v At the liquid-vapor interface, the temper-
ature T
0 
and air mass fraction W
0 
are unknown, and W
00 
must be deter-
mined for the impermeability conditions, m~ = 0. 
u,a 
The Mass Fraction of Air 
First, a value for the liquid-vapor interface temperature, T
0 
, 
is chosen to be the saturation temperature, T sat 
This serves to 
determine the vapor partial pressure, P ~ · The water vapor-air mix-
v, u 
ture is assumed to satisfy the perfect gas relation. From the defin-




Applying the perfect gas relations: 
m 
a 









P V P VM 
v v v 
-- = ---
RVT RT 
P V P VM 
a a a 





p +P (-) 





P-P P M 
__ v_ + ~ (2) 
p p M 
p 
1 - (2) p 
p 










For a water vapor-air mix ture, M = 18.02 and M 
v a 
p 
1 - (~) 
p 
p 
1 - 0.378 (~) p 
28.97, so: 
(79) 
where P is given and Pv, o is determined from T
0
. The values of p 
are given in Table 3. The values of W
0 
are shown in Figures 12 and 
13 and Table 5 . 
T 
00 




TOTAL PRESSURE (ATM.) OF THE SYSTEM 





Woo = 0.00 Woo = 0.001 Woo = 0.005 Woo= 0.020 
0.1001 0 .1002 0 .1004 0 .1014 
0.0345 0.03452 0.0346 0.0349 
The Heat Transfer Ratio (q/qNu) 
The ratio (q/qNu) is determined by equation (52): 




) = 1.09480 - 0.00237 (Tv - Tw) for 5°F ~ (Tv - Tw) 




, is obtained by solving the set of equations (66) to (69 ) . 
The results are shown in Figures 7 and 8. 
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The Liquid Film Thickness and 
Vapor Boundary Layer Thickness 
The liquid film thickness can be determined by: 
(80) 
where T is a function of the air mass fraction, W. The liquid film 
thickness decreases as the value of W increases (i.e., T decreases). 
00 
The liquid film thickness, a, increases as x increases. Also, since 
T is a function of T
0
, T increases as (Tv T ) increases. The li-w 
quid film thickness, 8, approaches oNu as W
00 
approaches zero for a 
saturated vapor. The Nusselt solution can be obtained from equation 
(6). 
The vapor boundary layer thickness, ~' can be determined by the 
following equation: 
~ 
6 = o + fx 4 
and the dimensionless thickness is: 
y - 0 n = -
~ - 0 
The results are shown in Figures 13 through 15· 
(81) 
(82) 
At T = ll5°F and 
v 
(T - T ) = 20°F , the comparison for Nusselt solution and integral 
v w 
solution is shown in Table 4. 
Temperature Distribution and Mass Fraction of Air 
From the wall to the liquid-vapor interface, 0 < y < 8, the 
Nusselt solution is retained, and the temperature in the liquid film 
is considered linear. 
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TABLE 4 
COMPARISON OF LIQUID FILM THICKNESS FOR NUSSELT 
SOLUTION AND INTEGRAL SOLUTION AT 
T = 115°F, (T - T ) = 20°F and L = 0.5 feet 
v v w 
-4 
0 x 10 ' ft 
Woo= 0.001 Woo = 0. 005 Woo = 0.002 
0 oo-4 ft) 2.452 2.348 1.771 
0Nu 
(10-4 ft) 3.456 3.456 3.456 
o /oNu 0.7095 0.6794 0.4951 
In the vapor region, the dimensionless temperature is given by 
equation (59) and (63) where: 
e 1 - F(n ) 
Along with equation (60), this yields: 
1 - 2n + 2n3 - n4 
T - T 
6 
Thus, the temperature distribution is obtained such that: 





/::, 8 6 
where: 
o < n ~ 1, (o ~ y ~ 6) 
(83) 





o < n < 1, Co~ y < 6 ) 
In the bulk, T = T
00 
= T~ and W = W
00 
W~ • The velocity in 
the bulk is zero (i.e., u 
00 
O) • The velocity in the liquid 
film is given by equation (32a) as: 
1 2 
u = oy - - y 
2 
The velocity at the liquid-vapor interface is maximum: 
u = u = o max 
Substituting into equation (58) we have: 
1 2 
u = 2 0 [l - F( n) - AG( n)J 
(84) 
along with equation (60) and (61), the velocity profile in the vapor 
region is defined as: 
where: 
o2 3 
u = 2 [l - Zn + Zn 
4 
n 
1 3 6 An 0 -n) J 
O < n < 1, (i.e., o ~ y ~ 6) 
Net Rate of Condensation 
(85) 
The total mass transfer from the vapor region into the liquid 












A) I x=L 
2 
= 3 u cS lx=L 
Thus, the net rate of condensation for the flat plate is defined as: 
m 
p 
Heat Transfer to a Cylindrical Surface 
An analytical investigation was made for heat transfer with 
(86) 
laminar film condensation of vapor on a vertical cylindrical surface 
by Tselishchev, Abaev and Bozacheva [15]. They indicated that with 
external condensation, the heat transfer rate at a cylindrical sur-
face is considerably greater than at a flat surface; with internal 
condensation, the heat transfer rate at a flat surface is consider-
ably greater than at a cylindrical surface. 
They [15] considered the problem of stabilized heat transfer. 
The condensate film runs downward under the action of gravity force 
along a vertical cylindrical surface with a constant surface temper-
ature. Interfacial shear can be neglected and the thermal conduc-
tivity in the direction of the motion (of the condensate) is 
45 
neglected. The motion of condensate film on a vertical cylindrical 
surface is axisymmetric. They obtained the following relation: 
0 .188 
(1 - 4W 
2 + 3W 4 
L L (87) 
where: 
(88) 
As the value of ( oL/r
0
) approaches unity (i.e., the liquid film thick-
ness becomes smaller), q /q approaches unity. This means for a big-
c p 
ger diameter, q /q approaches unity. Rohsenow [9] indicated that 
c p 
for a diameter larger than around 1/8 inch (0.3175 cm), the average 
h e at transfer coefficient is equal for the cylindrical and the flat 
surfaces, h : h (i.e., Nu : Nu). 
c p c p 










1 + 0.435 1 
r 
0 




For laminar natural-convection heat transfer on a vertical cylindri-
cal surface, the wall temperature is given and Tw < T
00
• Integrating 
equation (89) from x = 0 to x = L yields: 
1 L 
L 
J Nu dx 



















= 1 + 0.345 _2_ 
r 




The ratio of heat transfer rate for a cylindrical surface to a flat 
surface is: 
0 
...., 1 + 0.345 1 
ro x=L 
(91) 
From Table 6 and Figure 18, it was found that for a large dia-
meter (d > 1/8 inch) cylinder with a very thin liquid film on the 
e x ternal surface, the error by using equation (91), which neglects 










(a) Area of cross-section 
at x = L 
W = 27Tr 
y = 0 
y = cS 









TI[(r +cS) 2 - r 2] 
0 0 
(b) Cylinder 
r = r 
0 
(c) Flat plate 








Fig. 10. Condensation on a vertical cylindrical surface 
(external). 
CHAPTER IV 
DISCUSSION OF RESULTS 
Mass Fraction of Air 
The presence of a small amount of non-condensing gas will have 
a very important effect on decreasing the heat transfer rate; the 
results are shown in Figures 7 and 8, and this will be discussed 
later. The liquid-vapor interface temperature (the condensation 
temperature), T0 , decreases with increasing mass fraction of air, 
W
00
, at a given bulk temperature, T
00
• And the mass fraction of air 
in the bulk, W , increases; the resulting mass fraction of air at 
00 
the liquid-vapor interface, W , also increases. This is because 
the partial pressure of condensing water vapor at the liquid-vapor 
interface, P ~' is lowered. v, u 
From Figure 11 and Table 5, it was found that for a given Tv 
the mass fraction of air at the interface, W0 , increases as the 
temperature difference, (T - T ) increases; and this reduces the 
v w ' 
liquid-vapor interface temperature, T0 . It is shown in Figure 12 
that for a given W
00
, the mass fraction of air at the liquid-vapor 
interface increases with decreasing bulk temperature. 
Film Thickness 
From an inspection of Table 8, Figure 7 and Figure 8, it was 













(T - T ) ' °F v w 
0.001 
30 40 
Fig. 11. Mass fraction of air ~t liquid-vapor interface at 










0 10 20 30 40 
(T - T ) °F 
v w ' 
Fig. 12. Mass fraction of air at liquid-vapor interface at 
W = 0.001 and T 80°f and 115°F. 
00 v 
T - T 
52 
TABLE 5 
MASS FRACTION OF AIR AT THE INTERFACE, 
W0 , AT Tv ll5°F AND x = 0.5 ft 
Wo 
v (Fo) w 
Woo = 0.001 Woo = 0.005 Woo = 0.02 
5 0.136 0.167 0.194 
10 0.261 o. 305 0.336 
20 0.462 0.510 0.548 
30 0.647 0.685 
40 0.764 o. 779 
film thickness, o, increases. Figure 15 and Table 12 have shown 
that for a given T and W , both the liquid film thickness and the 
v 00 
heat flux to the wall increase with increasing temperature differ-
ence, (T - T ) . v w 
Figure 13 and Table 4 have shown that for a given bulk temper-
ature, T _. and (T - T ) , the liquid film thickness decreases as 
VJ v w 
the mass fraction of ai.r in the bulk increases because the liquid-
vapor interface _temperature is decreased. From Figure 14, it was 
shown that for a given W and (T - T ), the liquid film thickness 
00 v w 
increases with increasing bulk temperature; and this increase of 











T = 115°F v 






y x 10-4 , ft 
Fig. 13. Liquid film thickness at T v 
20°F, and W
00 
= 0.0, 0.001, 0.005 and 0.02. 





(T - T ) = 20°F v w 









0 1 2 3 4 
y x 10-
4 , ft 
Fig. 14. Liquid film thickness at T 80°F, 115°F, Woo = 













0 1 2 
y x 10-
4 , ft 
Fig. lS. Liquid film thickness at T 
v 

















Heat Transfer to a Flat Wall and a Cylindrical Surf ace 
The ratio of (q/qNu), as shown in Figure 7 and Figure 8 using 
Sleger's [13] integral solution, is about 9% at most below Minkowycz's 
[12] exact solution. But as the temperature difference, (T - T ), 
v w 
increases, Sleger's solution is in better agreement with Minkowycz's 
solution. The integral solution [13] and exact solution [12] are in 
more agreement at higher mass fractions of air in the bulk, W . The 
00 
results by applying equation (74) is in good agreement with Min-
kowycz's [12] exact solution, the error reduces to less than 2% at 
most. 
With external condensation, the heat transfer rate at a cylin-
drical surface is considerably greater than that at a flat surface. 
From Table 6 and Figure 17, it was shown that for a large diameter 
cylinder with thin condensate film, the value of (q /q ) approaches 
c p 
unity and it tends to increase as the condensate film thickness in-
creases for a given cylinder diameter. Figure 18 has shown that for 
a given T and W , the value of (q /q ) increases with increasing 
v 00 c p 
(T - T ) for any values of cylinder diameter. For internal conden-v w 
sation, the equations (87), (89), (90b) and (91) become: 









ln WL - 0.5 w 2 + 0.5) 4 (WL L 
Nu 





COMPARISON OF (qc/qp) USING REFERENCES [14] and [15] 
w qc/qp 
L ' Ref. f14] Ref. f15l 
1.01 1.004 1.012 
1. 05 1.017 1.027 
1.10 1. 035 1.052 
1.15 1. 052 1.081 
1.20 1.070 1.100 
1.25 1. 087 1.131 
1. 30 1.104 1.158 
1. 35 1.122 1.180 
1. 40 1.139 1.204 
1.45 1.157 1.233 
1. 50 1.174 1.258 
Nu cS 
c 
- 1 - 0.348 ___£ 
Nu 
r x=L 0 
p 
qc 0 - 1 - 0.348 _E_ 
qp r x=L 0 
In Figure 16, values of (qc/qp) are shown for both condensation 










































































































































































































Ref. [ 14] 
1.3 
- - - - - Ref. [ 15] 
1.2 
..,,,,. 




o.s..__ ___________________________________ ...._ ______ __ 
1. 0 
Fig. 17. 
1.1 1. 2 1.3 1.4 1.5 











































































































































The temperature distribution through the boundary layer is 
shown in Table 7 and Figures 19-25. It is clear that for a given 
bulk temperature, Tv' and mass fraction of air, W , the liquid-
vapor interface temperature, T , decreases with increasing temper-
ature difference, (T - T ). The effects of interfacial resis-v w 
tance, thennal diffusion and diffusion thermo were neglected in 
all figures. The temperature jump, (Tv - T0), is due to the dif-
fusional resistance by non-condensing gas in the bulk. Inside the 
condensate film, the Nusselt solution is retained and is considered 






TEMPERATURE DISTRIBUTION IN THE VAPOR REGION AT 
T = 80, 115°F, (T - T ) = 20°F AND x = 0.5 ft 
v v w 
w Tw To T) 
00 (oF) (oF) 
0.4 0.6 0.2 
0.001 95 99.84 105.69 110.42 113.45 
0.005 95 98.40 104.80 109.98 113.30 
0.020 95 96.31 1. 3152 109. 35 113.09 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The presence of a small amount of air as a non-condensing gas 
in the water vapor-air mixture plays a decisive role in decreasing 
the condensation heat transfer. The decrease is more pronounced at 
lower bulk temperatures, Tv, and higher "values of (Tv ~ Tw)•, As the 
mass fraction of air in the bulk, W , increases, the heat transfer 
00 
decreases monotonically. Neither the thermal diffusion nor diffu-
sion thermo play any significant role in affecting the condensation 
heat transfer for water vapor-air mixtures. And the effect of in-
terf acial resistance is too small when compared to the resistances 
due to the condensate film and the non-condensing gas, so the ef-
feet of interfacial resistance is essentially negligible for both 
the saturated and superheated mixture. 
These trends have been confirmed by Minkowycz [12] in an exper-
imental study, and also by Minkowycz and Sparrow [5] and Sleger [13] 
in analytical studies. 
The equations employed for the calculation of thermodynamic 
and transport properties of liquid film (water) and water vapor-
air mixtures are given in the Appendix. From an inspection of 
Minkowycz and Sparrow's [5] results, it was found that t h e result s , 
by using constant-property, are within one percent of those ob-
tained from the variable-property analysis. Therefore, constant-
properties were used in this study except for the interfacial den-
sity, p
0
. It was found that a significant error can occur by using 
70 
interpolation of fluid properties. An error of less than 2% for 
interfacial density, p0 , can cause an error of hundreds of percent 
in the parameter, f, from equation (67). This will lead to a very 
serious error for T0 and (q/qNu). 
A reference temperature rule appropriate to a constant-property 
analysis is defined for Nusselt's method as: 
T T + 0.31 (T - T ) w v w 
In this study, the liquid film (water) properties must be evaluated 
at the temperature: 
T T 
w 
By using these reference temperatures employed for the calculation 
of heat flux to the wall, Sleger's [13] integral solution is about 
9% at most below Minkowycz's [12] exact solution. The results ob-
tained by applying equation (74) from this study reduces the error 
to 2% at most. Finally, it is concluded that an improvement for 
Sleger's integral solution is necessary because p0 has such a large 
effect on the results. 
With external condensation, the heat flux to the cylindrical 
surface is considerably greater than at a flat surface, and for in-
ternal condensation, the heat flux to the cylindrical surface will 
be below that at a flat surface. But for a cylinder diameter 
greater than 1/8 inch and with a very thin film thickness, the heat 
flux to the flat wall and a cylindrical surface is in good agreement. 
71 
Because of the lack of experimental results for condensation 
heat transfer to a cylindrical surface, such that no comparison can 
be made with theoretical results, it is concluded that more exper-
imental work for condensation inside and outside a cylindrical sur-
face is required in order to verify the results of this study. 
APPENDIX 
APPENDIX 
The Appendix shows the formulas employed for the calculation of 
thermodynamic and properties of water (the liquid film) and water 
vapor-air mixture. 
The formulas employed for the calculation of thermodynamic and 
transport properties of water (the liquid film) are given by Eckert 
and Drake [ 16]: 
Density, ~\, 




kl 1.0006194 (0.2866 + 1.207 x 10-3 T 
-6 2 -8 3 




1.0003796 (-0.2483 + 201.7 x T-l ll1 = 






The temperature appearing in equations (92), (93) and (94) are 
given in degrees Fahrenheit, and the applicable range is 32°F < T < 
230°F. 
Table 8 shows the Nusselt heat flux vs. temperature difference, 
(Tv - Tw)' for the length of the flat wall is 0.5 ft. 
TABLE 8 
NUSSELT HEAT FLUX VS. TEMPERATURE DIFFERENCE, 
(T - T ), for x = 0.5 ft. 
v w 
qNu (BTU /hr-ft 
2
) 
(T - T ) 
v w 
T 80°F T = 115°F 
v v 
5°F 8,996 10,221 
10°F 15,010 17,122 
20°F 24,421 28,147 
30°F 31,969 37,253 
40°F 38,352 45,097 
The water vapor-air mixture properties are defined as: 
















, (ft 2 /hr) 
(96) 
Density, p , (lb/ft 3) 
p (97) 
where Pv is obtained from Keenan and Keyes [20]. pa is obtained 
from Karlekar and Desmond [21] and is calculated assuming that air 






4. 55504 (_!_) p 
v 
+ B 






1.89 - 2641.62 T-l l0( 80B 7Z/T
2
) 
0.21828 - (1.2697 x 105 ) T-
2 
-4 64 -24 
g
3 
= (3.635 x 10 ) - (6.768 x 10 ) T 
B 13 (P /T)l2 
0 g3 v 
(98) 
Equation (98) is given by Mason and Monchick [18] and employed f or 
the calculation of density, p, in this thesis. In 1979, Jura and 
76 
Mares f22] employed the virial equation given as follows: 
Pv/RT 1 +Ea .. (P/P )i (T /T)j 
lJ r r (99) 
for saturated steam up to 340°C (572 °F) and good results have been 
achieved with improved accuracy. 





µ . + l0- 4 [(P./T)(6.36 - 0.0231 x lO(l34o/T)) 
0,1 l 




(1.501 x 10-5 ) TO.S 
1 + (466.8/T) 
i 1, 2 
[1 + 1.1260 (l-l1/l-l2) 0 · 5 J2 
3.6002 
and P is in kg/cm2 and T is in °K. Equation (100) is given by 
(100) 
Mason and Monchick [18] and employed for the calculation of vis-
cosity, 1-1
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but the second and the third term on the right side of the equation 
are very small compared to ktr' the error by neglecting the second 






(7680.78 + 2088.16 A12* - 2517.78 B12*) 

















h T . OK p . . f (2) d ("'\ (1, 1) * . b were is in , tot is in atm., D an ~612 are given y 
Hirschfelder and Bird [17] as a function of T* = T/50, and this is 
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In equations (102) through (106), Tis in °K, Ptot is in kg/cm. 
The values of A12*, B12* are given by Hirschfelder and Bird [17] at 
T12* = T/50. Equation (102) is employed for the calculation of 
thermal conductivity, k 12 . 
-
TABLE 10 
THE QUANTITIES A*, B* AND C* FOR 
CALCULATING THE TRANSPORT PROPERTIES 
r• A* I e* c* 
3.00 1.095 1.101 0.910S 
3.10 1.095 1.100 0.9125 
3.20 1.096 . 1.096 0.9133 
3.30 1.096 1.099 0.9158 
3.40 1.096 1.096 0.9167 
3.50 1.097 1.096 0.9183 
3.60 1.097 1.095 0.9192 
3.70 1.097 1.097 0.920S 
3.80 1.097 1.093 0.9217 
3.90 1.097 I.093 0.9:::!5 
4.00 1.098 1.095 o.n42 
4.10 1.098 J.093 0.9:!50 
4.20 J.09S 1.093 0.9258 
4.30 1.099 1.094 0 .9267 
4.40 1.099 . I .094 0.9275 
4.50 1.099 1.092 0.9283 
4.60 1.100 1.091 0.9292 
4.70 1.100 J.093 0.9300 
4.80 1. 100 J.095 0.9308 
4.90 1.101 1.091 0.9308 
5.00 I.IOI 1.092 0 .9317 
6.00 1.103 1.090 0.9375 
7.00 1.105 J.092 0.9400 
8.00 1.107 . 1.090 0.9425 
9.00 1.109 1.091 0.9433 
10.00 1.110 1.094 0.9450 
20.00 1.119 1.095 0.9475 
30.00 l . 124 1.095 0.9483 
40.00 1.127 . J.095 0.9483 
S0.00 1.130 1.095 0.9483 
60.00 1.132 1.096 0.94S3 
70.00 1.134 1.095 0.9483 
80.00 1.135 1.095 0.9483 
90.00 1.137 1.096 0.94S3 
100.00 J .138 1.095 0.9483 
200.00 J.146 1.095 0.9.+SJ 
300.00 1.151 1.095 0.94SJ 
400.00 1.lS4 1.095 0.9483 
SOURCE: Reference [17]. 
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3.00 1.095 I. 101 0 .9 108 
3.10 I .095 I.100 0 .9 125 
3.20 1.096 1.096 0 .9133 
3.30 1.096 1.099 0.915 8 
3.40 1.096 1.096 0 .9 167 
3.50 I .097 I .096 0 .91 SJ 
3.60 1.097 1.095 0 .9 192 
3.70 1.097 I.097 0.9208 
3.80 ] .097 1.093 0.9217 
3.90 1.097 1.093 0.9225 
4.00 1.098 1.095 0.9242 
4.10 1.098 1.093 0 .9250 
4.20 1.098 1.093 0 .9258 
4.30 1.099 1.094 0 .9267 
4 .40 1.099 1.094 0.9275 
4 .50 I .099 I .092 0.9283 
4.60 I.JOO 1.091 0.9292 
4.70 I. JOO 1.093 0.9300 
4.80 I.JOO 1.095 0 .9308 
4.90 1.101 I .09 I 0.9308 
5.00 I. IOI I.092 0.93 I 7 
6.00 I. I 03 I .090 0.9375 
7.00 1.105 1.092 0.9400 
8.00 1.107 . 1.090 0.9425 
9.00 I. 109 1.091 0.9433 
10.00 1.110 1.094 0.9450 
20.00 1.119 1.095 0.9475 
30.00 I .124 I .095 0.9483 
40.00 1.127 I.095 0 .9483 
50.00 I .130 1.095 0.9483 
60.00 I .132 I .096 0.9483 
70.00 l. I 34 1.095 0.9483 
80.00 1.135 I .095 0.9483 
90.00 l.137 1.096 0.94S3 
100.00 1.138 1.095 0.9483 
200.00 I.146 1.095 0.9483 
300.00 1.151 1.095 0 .9483 
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THE QUANTITIES n(l,s)* FOR 
CALCULATING THE TRANSPORT PROPERTIES 
I !l' ... '· In'··''· fl ' '"'" I!}''·''' n '=.J>* fl ''·"· I fl ''·'' ' 
2.662 2 .256 1.962 2.785 2.535 2.333 2. 152 
2.4"7 6 2 0 '7 b 1.795 2.62S 2.375 2. 163 1.978 
2.318 J.931 1.663 2.492 2.232 2.016 I .833 
2. 184 I .SOS 1.556 2.368 2. 105 1.889 1.713 
2.066 1.705 1.468 2.257 1.992 1.781 J.614 
1.966 1.618 1.396 2. 156 I .893 J.689 1.532 
1.877 1.543 1.336 2.065 l.80G J.610 1.463 
I .798 1.479 1.285 1.982 1.729 1.5-U 1.406 
1.729 1.423 1.242 1.908 J.661 J .484 1.357 
1.667 1.375 1.205 1.841 1.602 1.434 1.315 
1.612 1.332 1. 172 J.780 1.549 1.389 1.278 
J.562 1.295 I . 144 1.725 1.502 1.350 I .247 
1.51 7 1.261 1.119 1.675 1.460 1.316 1.219, 
1.4'76 1.231 1.096 1.629 I An J .286 I . 194 
l .4 39 J.2()..t 1.076 1.587 1.388 1.258 I. I 72 
1.406 I .179 1.058 1.549 J .357 1.234 I .I 52 
1.375 I. I 57 l.o..t I 1.514 1.329 1.212 1.135 
1.346 J. I 37 1.027 J.482 1.304 ] . 192 1.119 
1.320 J. I I 9 1.013 1.452 1.280 1.174 I. I ()..t 
1.296 1.102 1.000 1.424 1.259 1.157 1.091 
1.273 1.086 0 .9887 1.399 1.239 1.142 1.078 
1.253 1.072 0.9 7SO 1.375 1.221 1. I 28 1.067 
1.233 1.059 0 .96SO 1.353 1.205 1.115 1.057 
1.215 1.046 0 .95S S 1.333 1. 189 1. 103 1.047 
1.198 1.034 0 .9502 1.314 1.175 1.092 1.037 
1.182 1.023 0 .9420 1.296 1.161 I.OS I 1.029 
I. I 6 7 1.013 0.9345 1.279 1. 149 I .072 J.022 
1. I 53 1.004 0 .9272 1.264 J.137 1.063 1.014 
1. 140 0 .9947 0 .9205 1.248 1.126 1.054 1.00/ 
1.128 0 .9860 0.9142 1.234 J.116 1.046 1.000 
1.116 0 .9780 0 .90S2 1.221 1. 106 I .03S 0.9942 
1.105 0.9707 0 .9023 1.209 1.097 1.031 0.9875 
1.094 0.9633 0 .8968 1.197 1.038 1.024 0.9825 
l.084 0 .9567 0 .8917 1.186 1.080 1.018 0 .976/ 
I .075 0 .9500 0 .8867 1.175 1.073 1.012 0 .9717 
1.057 0 .9380 0 .877 5 1.156 1.055 1.000 0 .9617 
1.041 0 .9267 0 .86SS 1.138 1.045 0.9895 0.9525 
1.026 0 .9167 0 .8612 l .122 1.033 0 .9800 0 .9450 
J.012 0.9073 0.8538 1.107 1.022 0.9710 0 .9375 
0 .9996 0 .8987 0 .8470 1.093 1.012 0 .9630 0.9300 
0 .9878 0.8907 0 .8407 1.081 1.002 0 .9555 0 .9233 
SOURCE: Reference [17]. 
f2b .6 l • n< ~ . ~ > • 
1.990 2.557 
J .819 2.378 
1.682 2.223 
J.574 2 .090 
I .486 1.975 
1.415 1.875 
1.356 1.788 
1.307 I. 712 
1.267 1.645 
1.231 1.587 
I .201 1.535 
1.17 5 1.488 
1.152 l .~7 
I. I 3 I I .410 






1.035 J .232 
1.025 1.215 
1.016 1. 198 
l.OOS 1.183 
1.000 1. 169 
0 .9929 1.156 
0 .9860 1.144 
0 . 9795 I. I 33 
0 .9735 1.122 
0 .9677 I.I 12 
0.9623 I. I 03 
0 .9569 1.094 
0.9520 1.085 
0 .9-P3 1.078 
0 .9427 1.070 
0 .9343 1.056 
0 .9261 1.043 
0 .9190 1.032 
0 .9120 1.021 
0 .905 8 1.012 
0 .8996 1.003 
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TABLE 11 (Continued) 
I 
l! "·"· i :! ' ' ·, .. 1 O'' •. • i l!"·" ' T• 0 11.1>• 0 11.21 .. n <i.3 1• n<2 . ~ ' * I i~ · ~ . 3 , . 
2.7 0 .9770 0 .8833 o.nn 1.069 0 .99J5 I 0 . 9~ S 5 I 0.917510 . ~9~0 ! O 9'1,J 
2 .8 0 .9672 0.8767 0 . ~290 1.058 o . tJ £ ~5 1 o .9415 u .9 1: / o . s~s -; • o .9S63 
2.9 0.9576 O.S700 0 . ~237 l.048 0 .97W 0 .9355 0 .9058 0 .8336 0 .9192 
3 .0 0 .9490 0.86-10 0 .8187 1.039 0 .9703 0 .929 - 0 .9008 0 .8788 0 .9721 
3.1 0 .9406 0 .8580 0 .8138 1.030 0 .9643 0 9240 O.S95S 0 .8742 0 .9658 
3 .2 0 .9328 0 .8520 0 .8093 1.022 0 .9578 0 .91 S5 0 .8908 0 869S 0 .9596 
3.3 0 .9256 0 .8473 0 .8048 1.014 0 .95 1 ~ 0 .91>5 0 .f. S67 0 .8G5G 0 9538 
3.4 0 .9186 0 .8420 0.~007 1.007 0 .9-loJ 0 .90S5 o . ~ s :s 0.86 17 0 .9483 
3.5 0 .9120 0 .8373 0 .7 967 0 .9999 0 .9-WS 0 . 9~10 0.8 783 0 .85 77 0 .9433 
3.6 0 .9058 0 .8327 0 .7928 0.9932 0 .93SS 0 .8<J9 5 0 .8742 0 . 8 5~Q o.93 83 
3.7 0 .8998 0 .8287 0 . 7892 0 .9870 0 . 930~ I 0 .8955 O.S700 I O.S50-l I 0 .9333 
3.8 0.8942 0 .8240 0 .7857 0 .981 I 0 .92b.? 0 .3915 0 .. ' (1 6 I 0 . 469 . 0 9238 
3 .9 0 .8808 0 .8200 0.7822 0 .9755 0 .9218 0 .8::175 ·O.S633 O .S~J6 0.9246 
4 .0 0 .8836 0 .8167 0 . 7790 0.9700 0 . 917~· 0 .88-+0 0 .8592 0 .8-lO-+ 0 .920-+ 
4.1 0 .8788 0 .8127 0.7758 0 .%49 0 .913:. 0.8805 0 .855 S 0 .8371 0 .9167 
4.2 0.8740 0 .8093 0.7727 0 .9600 0.909j 0.8770 0.8533 0 .8342 0 .9125 
4.3 0.8694 0 .8060 0. 7697 0 .9553 0.9os:; I 0.8735 I 0 . :S~ i.} I O.RJ 12 0 90R8 
4.4 0 .8652 0 .8027 0 . 7668 0.9507 0 .901E 0 .8705
1 
O.S4 07 I 0 O] . : ._,_ .,(.l 5 ... 
4 .5 0 .8610 0.7993 0 . 7640 0 .9464 o .898 5 0 .8610 o . s~: o.s2s6 · o .9021 
4.6 0 .8568 0 .7960 0.7613 0 .9422 0 .8950 0.86-10 O.S..+08 0.8229 0.8988 
4 .7 0 .8530 0 .7933 0 .7585 0.9382 0 .8918 0.8610 0.8383 0 .820:! 0 .8954 
4 .8 0 .8492 0.7907 0 .7560 0 .9343 0.8385 0 .8585 0 .8358 0 .8176 0 .8925 
4.9 0 .8456 0 . 7873 0 .7535 0 .9305 0 .8855 0.8555 0 .833:? -0 .8152 0 .8S92 
5 0 ~422 0. 784 7 0 .7510 0 .9269 0 .88:.1 o ~s:;o 0 .8307 0 .Sl27 0 .8863 
6 0 .8124 0 .7607 0 .7295 0.8963 0 .856.' 0 .8295 O.SOS3 0 .7912 0 .8613 
7 0 .7896 0.7420 0 .7120 0.8727 0 .8360 0 .8105 0 .7902 0 .7736 0 .8413 
8 0.7712 0 .7260 0 .6973 0 .8538 0 .8193 0 .7945 0 .7749 0 . 7587 0 .8246 
9 0 .7556 0 .7127 0 .6847 0.8379 0 .80-+ :3 0 .7810 0 .7617 0 745S 0 8108 I 
10 0 .7424 0 .7013 0 .6735 0 .8242 0 .792' 0 .7690 0 .7501 0 .7345 i 0 7988 
20 0 .66-10 0 .6293 0 .60-+8 0 .7432 0.716•) 0 .6950 0 .6783 o .66-13 o. nn 
30 0 .6232 0 .5909 0 5680 0.7005 0 .675•) 0 .6555 0 .6396 0 .6264 0.6842 
40 0.5960 0 .5651 0 .5432 0 .6718 0.6-175 0 .6285 0 .6135 0.6007 
0 .6571 
50 0 .5756 0 .5459 0.5248 0 .6504 0 .6263 0 .6085 0 .5940 0 .5817 
0 .6367 
60 0 .5596 0.5307 0 .5100 0 .6335 0 .6105 O ~930 I 0.5 '7S4 0.5664 o .6:os 
70 0 .546-1 0.5181 0 49~0 0 6194 {) 597) I 0 5795 • 0.) 657 0 .5539 
0 .6075 
80 0 . ~352 0 .5075 0 .4878 0.6076 0 .5855 0 .5685 0.5548 
0 .5433 0 .5963 
90 0.5256 0.4984 0 .4790 0.5973 0.5755 0 .5590 0 .5454 
0 .5342 0 .5867 
100 0 .5170 0 .4903 0 4713 0 .5882 0.5G7J 0 .5505 0 .5371 I Q :.26J 
0 .5779 
200 0.4644 0.4403 0.4233 0 .5320 0.5128 0 ·H78 O 4857 1 c>.4757 
0 .5246 
300 0.4360 0.413 5 0 .3975 0.5016 0 .4835 0 .4694 0.45SO 0.4486 
0.4954 
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